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Alignment of Conduits for the Nascent Polypeptide Chain in the Ribosome-Sec61 Complex
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An oligomer of the Sec61 trimeric complex is thought to form the protein-conducting channel for protein transport across the endoplasmic reticulum. A purified yeast Sec61 complex bound to monomeric yeast ribosomes as an oligomer in a saturable fashion. Cryo -electron microscopy of the ribosome-Sec61 complex and a three-dimensional reconstruction showed that the Sec61 oligomer is attached to the large ribosomal subunit by a single connection. Moreover, a funnel-shaped pore in the Sec61 oligomer aligned with the exit of a tunnel traversing the large ribosomal subunit, strongly suggesting that both structures function together in the translocation of proteins across the endoplasmic reticulum membrane.
The existence of a protein-conducting channel (PCC) for protein transport across the endoplasmic reticulum (ER) was proposed in 1975 (1). Electrophysiological experiments in 1991 provided the first direct evidence for the existence of the PCC (2). Moreover, fluorescently labeled nascent chains in membrane-bound ribosomes remain in an aqueous environment sealed from the cytoplasm and accessible to fluorescence quenching from the lumen of the ER (3). An aqueous pore with a diameter of 40 to 60 Å during cotranslational translocation is suggested by similar experiments (4). The Sec61 trimeric complex is a strong candidate for the PCC of the ER in yeast and mammalian cells (5, 6) . The Sec61 complex provides the principal binding site for ribosomes at the ER during protein translocation (7, 8) and, together with other membrane proteins, is associated with ribosomes after solubilization of rough microsomes with digitonin (6) . A two-dimensional map of the purified Sec61 complex obtained by electron microscopy has revealed a quasi-pentagonal, circular structure with a central depression (9) .
The three-dimensional (3D) structure of monomeric ribosomes is currently known at various resolutions for Escherichia coli (10), wheat germ (11) , and yeast (12) . Among the structural features recognized is a tunnel that traverses the large ribosomal subunit and has been considered a candidate for the nascent chain conduit. Here, we present a 3D reconstruction of the ribosome-Sec61 complex.
For purification of the trimeric Sec61 complex (13) containing the Sec61␣, Sec61␤, and Sec61␥ subunits (Sec61p, Sbh1p, and Sss1p), a heptameric complex (14) was isolated first with protein Atagged Sec63 protein, followed by elution of the trimeric Sec61 complex with Triton X-100 (Fig. 1A) . To determine whether the trimeric Sec61 complex could bind to ribosomes (15) in a membrane-free system, we incubated the purified Sec61 complex with ribosomes and analyzed the incubation mixture by sucrose density-gradient centrifugation (16) . The Sec61 complex incubated without ribosomes remained in the top fraction of the gradient. In the presence of ribosomes, however, the Sec61 complex migrated with ribosomes as determined by immunoblotting (16) with antibodies to Sec61␤ (anti-Sec61␤) (Fig. 1B) and Sec61␣ (anti-Sec61␣) (17) . In agreement with the known salt sensitivity of the Sec61-ribosome interaction, there was no binding at 1 M KOAc (OAc, acetate) (17) . Incubation of a fixed amount of ribosomes with increasing amounts of Sec61 complex resulted in saturation of ribosome-binding sites (Fig. 1, C and D) . On the basis of the amount of Sec61␣ and ribosomes, we estimate that, at saturation, two to four Sec61 trimers were bound per ribosome and that the dissociation constant K d is about 10 nM.
The ribosome-Sec61 complex formed under saturating conditions was examined by cryo-electron microscopy (18 electron micrographs (Fig. 2A) , the ribosome-Sec61 complex appears in random orientations (Fig. 2B ). This distribution allowed an artifact-free 3D reconstruction by means of a 3D projection alignment procedure (19) with an existing reconstruction of the ribosome from yeast (12) as a reference. In side views of the ribosome (marked by arrows in Fig. 2B ), an ϳ100 Å-long ellipsoidal mass of density appears at the surface of the large subunit. This location on the ribosome is the same as the site where, in projection, the exiting polypeptide chain was located on both eubacterial and eukaryotic ribosomes by immuno-electron microscopy (20) .
In the resulting reconstruction ( Fig. 3 ), which has a resolution of 26 Å (21), the Sec61 complex appears as a slightly pentagonally shaped toroidal structure with an outer diameter of 95 Å, an inner diameter ranging from 15 to 35 Å depending on depth, and an overall thickness of 40 Å supported by a single stem attached to the base of the large ribosomal subunit. A single site of rigid attachment may facilitate lateral opening of the channel, at the opposite site, to allow the release of nascent transmembrane segments into the lipid bilayer. The surface of the Sec61 oligomer facing the ribosome is parallel to the surface of the large subunit. The distance between these surfaces ranges from 15 to 20 Å. Hence, the attachment of the Sec61 oligomer to the ribosome does not appear to form the tight seal that was implicated in nascent chain fluorescence-quenching experiments. Sealforming proteins could be missing, or, more likely, the signal sequence may be necessary for seal formation (2, 3, 8, 22) .
The central pore of the Sec61 oligomer aligns precisely with an opening in the large ribosomal subunit that represents the exit of a tunnel (Fig. 3B ). This tunnel runs from the interface canyon (12) to the lower portion of the large subunit ( Fig. 3D) . At the threshold level chosen (23), a small segment of the tunnel is blocked because of the limiting resolution, but it appeared to be open at increased threshold levels (17) . A similar effect has been observed in the reconstruction of the 70S E. coli ribosome (10) . These tunnels, seen in cryo-electron microscopy maps of the ribosome from E. coli (10) and Saccharomyces cerevisiae (12), have been proposed as exit pathways of the nascent polypeptide chain, although the evidence for that is indirect (20) . The precise alignment between the pore of the Sec61 oligomer and the tunnel (Fig. 3 , C and D) provides strong support for this hypothesis. Conversely, this structural arrangement also implies that the Sec61 oligomer indeed constitutes the PCC. Detailed analysis of the Sec61 oligomer (Fig. 4, A to C) shows that the azimuthal distribution of mass is irregular, with the bulk of the mass lying on the side attached to the stem. Again, as speculated above, the thinner wall opposite the attachment stem might facilitate lateral opening of the channel. There is a further asymmetry in the Sec61 oligomer: the pore is funnel-shaped, with a diameter of 15 Å at the lumenal site of the ER, widening toward the ribosome, so that a small vestibule with a diameter of 35 Å is formed. Consistent with the estimate from kinetic data, the measured volume of the Sec61 oligomer would accommodate two trimeric Sec61 complexes. The reasons for the asymmetric appearance of the ribosome-bound Sec61 oligomer are presently not clear.
It is likely that the Sec 61 oligomer bound to the ribosome represents the PCC in its inactive and closed conformation. Future structural analyses of an in vitroassembled complex containing a ribosome, a nascent chain, and the Sec61 complex will lead to information regarding the active state of the PCC. identity of the proteins was confirmed by specific antibodies to Sec61␣ (Sec61p) and Sec61␤ (Sbh1p) (17 ). 14. S. Panzner, L. Dreier, E. Hartmann, S. Kostka, T. A.
Rapoport, Cell 81, 561 (1995) 15. For the purification of ribosomes, the yeast strain DF5 was grown in 3.5 liters of yeast extract, peptone, and dextrose medium. At an optical density of 600 nm (OD 600 ) of 1.0, the cells were washed with water and incubated for 15 min at 25°C in 100 mM tris-SO 4 (pH 9.4) and 10 mM DT T. After homogenization by French press in buffer A [50 mM triethanolamine-OAc (pH 7.5), 50 mM KOAc, 5 mM MgCl 2 , 1 mM DT T, and 0.5 mM PMSF ], the homogenate was centrifuged for 30 min at 100,000g at 4°C. The supernatant was layered over a continuous 10 to 40% sucrose gradient in buffer A. After centrifugation for 4.5 hours at 200,000g at 4°C, the monomeric ribosomes were pooled according to the A 254 profile. The ribosomes were pelleted by centrifugation for 4.5 hours at 145,000g at 4°C, resuspended in water, and frozen in liquid N 2 . 16. Purified Sec61 complex and ribosomes were incubated for 30 min on ice in a buffer containing 0.5% Triton X-100, 100 mM KOAc, 5 mM triethanolamine-OAc (pH 7.5), 5% glycerol, 1.5 mM Mg(OAc) 2 , 0.5 mM DT T, and 0.5 mM CaCl 2 . To separate unbound Sec61 complex from ribosome-bound Sec61 complex, we carried out gradient centrifugation using a 10 to 50% sucrose step gradient in 0.5% Triton X-100, 100 mM KOAc, 10 mM triethanolamine-OAc, 1 mM DT T, and 3 mM Mg(OAc) 2 . After centrifugation for 60 min at 240,000g at 4°C, six fractions were collected manually. For saturation assays, the first two fractions were pooled as the unbound fraction and the following two as the bound fraction. Fractions were analyzed by SDS-polyacrylamide gel electrophoresis (PAGE ) and stained with SYPRO Red. The amount of protein was quantitated with the STORM system (red fluorescence) and NIH image. For immunoblotting, proteins were precipitated, separated on 10 to 20% SDS-PAGE gradient gels, transferred to a nitrocellulose membrane, incubated consecutively with antiSec61␣ or anti-Sec61␤ and horseradish peroxidaseconjugated donkey antibodies to rabbit, and detected by ECL as described (Amersham). 17. R. Beckmann et al., data not shown. 18. Incubation to form the ribosome-Sec61 complex was performed as described (16) , and the mixture was diluted with 4 volumes of water immediately before it was applied to the grid. Grids for cryoelectron microscopy were prepared as described [ T. Lake, J. Cell Biol. 96, 1471 (1983). 21. Micrographs were checked for drift, astigmatism, and presence of Thon rings by optical diffraction. Scanning was done with a step size of 25 m corresponding to 4.78 Å on the object scale, on a Perkin-Elmer PDS 1010 A microdensitometer. Particles were selected by an automated selection procedure that differed from the one previously described [K. R. Lata, P. Penczek, J. Frank, Ultramicroscopy 58, 381 (1995)] in that the particle candidates were compared directly with the reference set of 87 quasi-evenly spaced projections (19) of an existing reconstruction of the ribosome from yeast (12) . A total of 13,178 particles were picked. The reconstruction was done with two independent approaches to obtain the orientations of the projections. In the first approach, an existing reconstruction of the ribosome from yeast (12) was used as a reference in the 3D projection alignment procedure (19) . In the second approach, an initial reconstruction was obtained with the simultaneous minimization technique [P. Penczek, J. Zhu, J. Frank, Ultramicroscopy 63, 205 (1996) ]. In both cases, four steps of the 3D projection alignment procedure (19) were applied with a 2°angular interval. In each step, the refined 3D structure was calculated with 70% of the best matching particles (on the basis of the value of the cross-correlation coefficient were led by two criteria: (i) We observed the structure as the threshold was increased. There is normally a "plateau," a range of threshold values within which the appearance (or the volume encompassed) varies only slightly.
(ii) Three-dimensional connectivity must not be violated, which means that, in this case, we could not choose a threshold, within the plateau defined above, that makes the connecting rod disappear. Thus, the plateau was further narrowed.
These criteria were applied separately in the preparation of the 3D representations of the ribosome and the channel. Because of the residual uncertainty in the molecular boundaries, the measurements for pore size and the distance between channel and ribosome have an uncertainty of 25%. Plants endure environmental challenges such as drought, salinity, or cold by adjusting rather than escaping. These responses are mediated by ABA (1), which through unknown signals affects the regulation of many genes (2-7). One signaling intermediary is calcium (Ca 2ϩ ) (8) . ABA-mediated increases in guard cell Ca 2ϩ levels lead to stomatal closure (9) . Ca 2ϩ can also induce the expression of an ABA-responsive gene in maize protoplasts (10) .
Three regulators of Ca 2ϩ levels are inositol (1,4,5)-trisphosphate (IP 3 ) (11), cyclic adenosine 5Ј-diphosphate ribose (cADPR), and nicotinic acid adenine dinucleotide phosphate (NAADP ϩ ) (12-15). The receptor for IP 3 is known (11), whereas those for cADPR and NAADP ϩ are not (15). A putative receptor for cADPR is the ryanodine receptor (RyR) (15). NAADP ϩ , a metabolite of nicotinamide adenine dinucleotide phosphate (NADP ϩ ) identified in vitro, regulates a third Ca 2ϩ channel that appears to be distinct from the IP 3 and cADPR receptors (14). cADPR can be produced by ADP-ribosyl cyclase or by CD38, a lymphocyte protein, both of which use nicotinamide adenine dinucleotide (NAD ϩ ) as a precursor (16) . Both IP 3 and cADPR elicit Ca 2ϩ release from beet storage root vacuoles (17) , and a RyR-like activity, sensitive to cADPR, has been detected in beet microsomes (18) . Here we demonstrate that cADPR is a likely in vivo intermediate of ABA signal transduction that exerts its effects by way of intracellular Ca 2ϩ release. We used microinjection to screen for compounds that may be involved in ABA responses. We studied the Arabidopsis genes rd29A (also termed Iti78 and cor78) (5), a desiccation-responsive gene (3), and kin2 (also termed cor6.6) (5), a cold-inducible gene (2) . Both genes are rapidly induced by ABA, without requiring new protein synthesis.
We microinjected 7-to 10-day-old etiolated hypocotyls of the phytochrome-deficient tomato mutant aurea (19, 20) with rd29A-GUS, kin2-GUS (21) , and potential agonists and antagonists of ABA signal †To whom correspondence should be addressed. E-mail: chua@rockvax.rockefeller.edu
